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ABSTRACT

Th film, high parformance clectrodes which can operate in high
cmperatme envioromnents gie necessary for many deviees wineh use
a sohd clectrolyte. Yiectodes of shodinm-tungsten alloy have been
deposited  on sohd  clectiolyte using photolytic  chemical — vapos
deposition PCVD). A techmaue fos depositing clectiodes and cunent
collection grids simultancously has been developed wsing the pre-
mucleation chavactenstic of PCVD., This technigue makes it possible
to fabuicate clectodes which allow vapor transpori thiough the thin
(<1 jan) porivons of the clectode while integral thick grid hines
mprove the clectionie conductivity of the clectiode, thus simproving,
overall performance.,

INTRODUCTION

Ylectrochenueal devices wineh vse a solid clectrolyle gencrally requine thin filim
clectrodes to allow vapor passape through the clectiode.  Such devices nclude, but
are not lunited 1o encapy conversion devices such as fued cells and the alkah mctal
ermal to clectue convericr (AMYTEC), and clectrochemical pumps and clecb olysis
cclls. Requiements of thin film electrodes used with solid clectiolytes mclude (a)
sufficient porosity o1 a tanspori mechanisin to allow passage of fuel or working fiuid
as vapor from the clectrode/clectiolyte mterface thhouph the electrode, (b) cdlectronce
conductivity, and (¢) refractory chavactonistics for operation at high temperatme,
possibly in conrosive envionments.  The challenge o desipning clectiodes which
combine all thice chavacteristics is inmaking, clectrodes which are sufficiently thin
and sufficiently conductive at the same time.

Waosk has been ongoing, i recent years to find the optinnm conditions to meet
the above requirements; the approach to obtaining both conductivity and tiauspori
winch has been used at the Jet Propulsion 1 aboiatory has been to combine a thick
film gaid with a thin film clectiode. The gd acts as a corrent collection network
i the clectrode, by increasing clectionic conduction and the capability for vapm
transpori is maintained o the thin film acas (1), Giids have been deposited on solid



clectrolyte uwsing photolytic chemical vapor deposiion (PCVD) of metals fiom
organomctallic precursors such as metal cabonyls. When an clectiode with conrent
collection grids was (ested inan AMTEC deviee, overall peformance increased 25-
50% (ncasmied powes prodoction), presumably because of decreased 1esistauce in
the clectrode, e spite of 10 15% of the sutface arca of the clectrode being, occluded
fo vapor flow by thick pnd hines (1).

In cathey work at JP). we have deposited grid lines using PCVD of a
1cfiactory mefal such as molybdenom, followed by sputicr deposition of & metal alloy
clectrode such as platmun-tongsten or shodimn-tongsten (1,2). While device
performance was significantly mproved, theie ae drawbacks (0 this appmoach to
waking giids.  An oxide layer may form on the smface of the gnd before the
clectiode s sputter deposited oves i, yesulting, in a contact 1csistance between the
gnd and the clectiode.  In addition, the diffarences in the cocfficients of theimal
expansion between the giid matenal and the clectiode material may yesult in buckling,
or pechng of the clectrode at the prid Jines during, opeation at high temperatuie,
Finally, the rate of grain growih of Mo metal is selatively 1apid at temperatuies
above 1100 K and the operating Difetime of a device may be significantly shoriened
i Mo grids are used, even in combination with longer lived clectiode matcnals (2).
Interdiffusion of Mo films with PLW o Rh W filins may 1csult in formation of
ternary alloys with higher 1esistauce and/or more rapid grain growih,

The drawbacks associated with photodeposited molybdenunm grids and spotics
deposited  alloy clecthiodes way be avoided by constacting, integaial grids and
clectrodes, where the grid and clectode have the same composition and are deposited
on the clectrolyte simultancously.  In tins way, there are no contact 1esistances
between the gnid and the clectrode, and there is no diffcience i cocfficient of
thermal expansion between the clectrode and the grid.  As alloys of noble mictals
(platimuom o1 1hodivm) with tungsten have been determimed (o be among the best
performing AMTEC clectodes (3), it has been neeessary to develop technigues foy
PCVD of metal alloys and 1o investigate the mcchanisin of deposition of two mctals
m the presence of cach other (4).

Photolytic Chemical Vapor Deposition

Photolytic CVD is a well established techuigue which has been applied to
deposition of metals on metal, semiconductors, and insulating, substiates (5-9). M s
accomphished by nradiating a substrate which is sunrounded by Jow presswe metal-
organic vapor with UV light; in the stodies presented hee, metal catbonyls were
used as metal-organic precmsors 1o the metal. Light is imaged on the substiate in
the pattern desiied, o1 alfcinatively the substate 38 physically masked and then
imadiated.  Mctal cabonyl dissociates as a aesult of absorption of UV Tight; the
1c)cased metal condenses on the substiate swface in the iMuminated arca. PCVD has
several advantages for thim filn clectiode deposition. Metals aie deposited only in
Muminated weas, so that deposits may be paticined o1 ananged in domains, 3 s
possible to wiite mictometer sized paticing on a substiate using, photodeposition




(5,6,10).  The mode of atiachment o extent of bonding to the ceramic clectiolyte
appeais to be different for photodeposited and sputicr deposited filins as we have
found that photodeposited filins ae significantly more adherent than Sputier deposited
films. The metal-substrate bond 1s not well understood; the obscrved difference i
adhesion between sputicr deposited and photodeposited fils indicates that the bond
may be covalent, Vinally, small quantitics of metal cabonyls o1 other volatile
organomctallic precursors are available foy many metals, and may be used 1o cparc
clectiodes of moderate size for testing, while precious metal sputicning, targets arce
rather  expensive and are incfhciently utilized. A sketeh of the sct-up for
photodeposition is shown in Figuie 1.

Alloys of 1hodivin-tungsten in compositions varying fiom REW 1o RhW, have
been made using [Rh(CO),CI), and W(CQO), as piccursor matenals;  different
compositions were attained by adjusting the pariial pressuies of the rthodium and
tungsten carbonyls in the deposition chamber during illumination.  The clectiical
propariies of these photodeposited films, determined as sheet sesistance at 100m
temperatore, ac similar (o those of sputicr deposited films. Sputics deposited Rh,W
typically has a 100m lemperature sheet aesistance of -~ 10 (/1 ) (1. The Rh,W
clectiodes made by PCVD had a yoom temperatme sheet resistance of - 15 /[ .

In addition to developing a technigue for photodeposition of alloys, we have
used PCVD to make integral grids - clectodes. This approach takes advantage of
the charactenistics of photolytic chemical vapor deposition. Several previous studics
of photodeposition have shown that, within ccriain inten iy 1anges, the metal
deposition 1ate is direetly proporiional to the power of ancident light (11). ) has
also been shown that mnctals will photodeposit prefeientially at “pre-nucleation” sies,
o1 sites wheie a metal deposit 50 100 A thick has been previously formed, undes
Mumination which is not directed only at those sites (6). New nucleation sifes may
be formed by incicasing the illumination mtensity, thus depositing metal in the entive
Muminated arca, Integral grids -1 electodes may be made by taking advantage of
these characteristics of PCVD.,

EXPER M INTA]

Four clectodes 1.2 e x 0.8 e were deposited on a section of Na- 4"
alumina ceramic tube (Ceramatec) 8 cm long and 0.15 nin diameter.  Two
clectiodes were 0.5-1 pon thick and were made with gud Tines 68 pm thick by
Hluniinating the ceramic thiough a mask in the presence of [Rh(CO),Cl), and
W(CO), vapor. The output of a Questek 2340 excimer laser opcrating on at 248 nmn
(K1)) was tmaged through a positive mask. The mask was made on a UV grade
fused silica optically flat window and was 95% (1 parent in rcgions where thick
gnd lines (-~ 6 yun) were desited and was 10% tansparent in 1egions where thin filin
clectiode (0.5-1 ) was desited. Grid Iimes were 220 wide and cach thin fili
(clectiode) arca 2.25 mm?. About 20% of the total clectiode arca was occluded by
grid lines. With the known 1clationship of ctal deposition 1ate to light intensity and
the charactenistic of pre-nucleation, clectrode-grid  combinations werc possible.




) ipmie 2 allows the mask and 1 dgure 3 shows an electr ode with g id which was
deposited 011 " aluminatube.  The other two clectrodes wer e made ().s - 1pon thick
and wer ¢ without g1 id lines.  They were made by inadiating the £"-alumina tabe
thirougllawnKim!.

The ot ganomctallic precor sors used ar ¢ [RW(CO),CI), and W(CO), (Aldiich).
Thiey wer e used as 1 eecived.  The vapor pressunes of these compounds ale. 1101
available, nor a1 ¢ they rcadily measu red by uswval technigues because the noactal
cat bonyl poisons most gaunges. 1 )cpositionrates of’ cachmaterial wea e determined
for temper atwr es 25- 70 °C and for Jaser encr gics of 150 - 250wl with sepetition
1ates of 20 35 1z,

It was found that the deposttion 1 ate for cach mater sal could casily be var icd
by adjusting the flow 1ate. of] Je caricr gas while keeping, the precur sor matenals at
a fixed tempesatore Of 40 °C. 1o obtain a RIWVW ratio Of 3:1, cariics pas pressuic
in the chamber was adjusted to 1 50 mton for both tongsten and thodivm p recor sor S,
The chamber winidow was pua ped wi th a flow of bu ffergas at.] 0SS the window,
Jesultimg inatotal chamberpresswe of F- 1 ton duning deposition, Both cai rica gas
and buffer gas wer ¢ 99, 99 % helinm,

eposition was accomplished by i1 adiating, the subst ate with a 1 e’ s egion
of the output of the laser . The homogencous por ion of the beam was selected with
a mask. The last.l wasoperatedat 1 /5 mland 25z, The e ner gy incident on the
substr ate was 85 nl/pulsc. A thin layer of Rh nactal was deposited by i radiating,
in [RhW(CO),C1], vapor only for 30 scconds befor ¢ opening the chimaber o W(CO),
vapor,  This thin layer faclitated thodivm  deposition.  To make integr al
clectlodes“Lgnids, the substrate was inadiated for 45 minotes through a positive
mask. 1o make eleetr odes alone, the substrate was 111 adiated fo11 0 minutes with
no mask.

Fleetrodes wer C contacted by wiapping  them in molybdenum sercen (/5
squar es/cm) coated with platinum on the contact side..  The sa een was ticd on the
twbe with (). $ nmun diameter molybdenum wite; a lead of the same wile was attache
and sulated with o aluimina.

Per formance of elect odes without g1 ids was compared With per formance of
clecti odes with grids ina vapor exposui ¢ test chamber (V3 71C) with sodium vapor .
The chamber has been deser ibed in detail previously (1, 12); bricfly, it is a stainless
steel chamber with a flange con dtaini ng six feedthy oughis for leads and ther mocouples
and a heater well which goces the length of the chainber, down the center. A section
of B ASE: tube with sever al electr odes may be mounted on the heater well, 20 grams
of sodivm is added to the chamber after it is evacvated.  The chamber is putina
tube fur nace and heated ; the sodivm melts and stays in a pool ill a well at one end
Of the chamber. '3 he temperatur ¢ of the sodivm pool and thus the vapor pressur c. of’
sodium may be contr olled by heating, o1 cooling, the well.

The electr odes on the BASE tube may be operated in pairs as a two clectrode,
non- powet producing, clecti ochemi cal cell. Performance is measured by comparing,
voltan imograms of the ¢ lectiode-t grid pai 1 with voltar nmograms of the clectrode
without grid pair and by electrochemical impedance spectroscopy. Sodium tranispor i




and cleet ode kinetics infor mation as well as eleetr olyte 1 esistance 1nay be extracted
fromcuri entvoltage data. A miodel which cor s elates per formance in the exposure
test chamber with a full AMTT iC exper unent has been developed (1.2).

RESULTS AND DISCUSSION

It was found that laser energy and 1 epetition 1 ate. mustbe kept 1 clatively low
in o1 det to avoid ablat ion of the deposited metal.  The lascr pulse is 10 nsee; last. 1
cnergics greater than 200 md and repetition 1afes g1 cater than 30 Hz resulted in
ablation Of deposited matenal, as scen by evidenice of melting in scanning clectron
microscopy and by apparently low deposition 1ates.  Scveral authors have modeled
the instantancous temper atute Of  substiates itradiated with pulsed lasess, and the
predicted temperatures vary (13), butin any case the temperature willbe > 3 0 (K )
K, high cnough to melt both tungsten and rhodivm,

An clection mictograph of  the deposited Rhy,W film 1S shown in Figuie 4.
This micrograph shows the clectrode to be 0. 5 pm thick, with grain diameters <
0.1 pill, According to the model for clectrode lifetime based on extensive high
temperature life. tests developed at the Jet'ropulsion 1aboratory, this grain Size is
excellentfor kKmf,-live.d AMTEC peiformance (14). This RhyW electi ode apparently
has very low porosity; catlict studies have shown RhW to have excellent sodivim
transpori, as docs this example, possibly along, grain boundaries (1 S),

Room temperatu re measurenients of the sheet 1esistance of the photodeposi ted
clectrodes made before operation did not show a significant differ ence between the
clectrodes with grids and the clectiodes without grids.  Both were 10-15 Q/[ 1.
Cwi sent- vol tage curves in the VETC, shown in Figu rec 5, show a significant
difference between the grid pair and the non-gnd pair.  These experiments are stll
ongoing, find so no furtherdata 011 the differences between the ¢l eetr odes are yet
available.

CONCI.USIONS

A technique for depositing metal alloy films on a solid surface has been
developed and demonstra ted. Photolytic chemical vapor deposition was used 1o make
films with RIV/W ratios from 5 to .12; the 1atio Was changed by adjusting, the flow
1ate of carner gas for cithier the 1hodium o1 tungsten p recursor compound. I4dlms
0.5-1 pm thick with the composition R,W were deposited on Na-f"-alumina solid
clectrolyte for testing as clectrodes for use in the alkali metal thermal to clectric
converter.  In addition to developing a technique for making, alloy films, a technigue
for making, current collection grids which are integral with the clectrode has also
been developed and demonstrated. 0.5 g thick electrodes which incorporate such
g rids, consisting of lincs some 220 pm wide and 5-6 yan thick on 2 mm centers,
were made for a test to compare them with el ectrodes made by PCVD without grids.
The testing process is still underway, and so final data on the compart ison are not yet
available.,
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igure 5 Current-voltage sweeps of RhyW electrode pairs show a significant difference
1 performance between electrodew with grids and electrodes without grids.




